The carbon -fluorine bond length and the distortion of the benzene ring under fluorination have been determined by the isotopic substitution method for 1,2-difluorobenzene. -The experimental work was carried out predominantly by Double Resonance Modulation (DRM) microwave spec troscopy, which allowed the spectra of all 13C-forms to be studied in their natural abundance. The normal and the 4,5-d2 species were used as parent molecules, and the two sets of structure results are found to agree well with each other. With square brackets indicating consistency limits between the two sets of results, the following bond distances (in Ä) and angles (in degrees) have been obtained: C
I. Introduction
The lack of a stable isotope of fluorine renders the determination of carbon -fluorine distances in mole cules via the isotopic substitution method [1] a more cumbersome task than the determination of other car bon -halogen bond lengths by the same technique. It requires that every isotopically substitutable atom in a fluorine containing compound be placed first, so that the fluorine positions become calculable from the first moment condition and/or from the observed mo lecular moments of inertia. As a consequence of this, spectroscopic structure studies of fluorinated com pounds were carried out preferentially on small mole cules such as, for example, the fluoroethylenes [2] , and the number of C -F bondlengths which have been determined without the imposition of auxiliary as sumptions has remained small. Amongst the many slightly larger aliphatic fluorine compounds, and par ticularly amongst the many fluorine substituted aro matic rings which have attracted spectroscopic inter est, fluorobenzene [3] remained for a long time the only example in which the C -F bondlength had been determined in the fashion outlined above.
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Lately, the relative scarcity of experimentally secured C -F bond distances has made itself felt in conjunction with an assessment of the success of struc ture calculations by ab initio methods [4] . This makes it timely to report the results of structure work on 1,2-and 1,3-difluorobenzene (ortho-and meta-difluorobenzene, abbreviated here as ODFB and MDFB), which was carried out in a style similar to our earlier investigation of 2,6-difluoropyridine [5 a ] by double resonance modulation (DRM) microwave spectrosco py [5 b] . Earlier work on the normal forms of these two compounds had been carried out by Nygaard et al. [6] .
The present paper describes our findings on ODFB, and corresponding results for MDFB are reported in the subsequent paper.
II. Experimental a) Samples
The eleven isotopic species spectra (Table 2) , which form the experimental basis of the present study, were obtained from three different samples: Sample 1 was the normal ODFB, supplied by Koch-Light Laboratories, and purified by vacuum distillation. 3/6-dr ODFB (sample 2) was prepared by reacting the 0932-0784 / 88 / 0200-159 $ 01.30/0. -Please order a reprint rather than making your own copy. normal compound with excess sodium methoxide and deutero-methanol for 100 hrs at 50 °C [7] . After that period the sample was ~ 30% deuterated in the equivalent 3-and 6-position 60% 3/6-dr ODFB). Sample 3 was a mixture of 4/5-dr 40%), 4,5-d2-(-5 0 % ) and 3,4,5-d3-ODFB 5-10%). H/D ex change at the meta-positions was accomplished by shaking the normal compound with concentrated D2S 0 4 for about 300 hrs at room temperature. (The enrichments quoted were deduced from the relative intensities of absorption signals under DRM) All 13C-forms were observed in their natural abun dance.
b) Instrumental
Transition frequencies of the normal, the 4/5-dxand the 4,5-d2-form were measured largely in a Stark effect modulated (SEM) spectrometer [8] of conven tional design, but some 20 transitions were added in each case by DRM spectroscopy. Due to incomplete separation from the methoxide the 3/6-d:-sample gradually decomposed, and this prevented later verifi cation and extension of the SEM measurements by DRM methods. The 3,4,5-d3-species and all 13C spectra were measured by DRM spectroscopy alone. A description of the DRM instrument and of our mode of operation has been given previously [5 b] . SEM measurements were made in the range 15-26 GHz which contained the DRM pump transi tions for signals in the range 26-40 GHz. All experi ments were carried out at room temperature with sample pressures near 20 mTorr. Absorption signals were observed on the oscilloscope.
III. Spectroscopic Results a) Method and Sequence of Spectral Analysis
The study of isotopic forms of ODFB was preceded by an extension of the earlier investigation of Nygaard et al. [6] , which had been carried out by SEM spec troscopy in the frequency range from 12-20 GHz. To cover our DRM pump range the spectrum of the nor mal species was studied up to 26 GHz, and Q-band (26-40 GHz) transitions were then observed as DRM signals. From guessed molecular models the rotation spectra associated with the three distinct 13C-forms were then predicted and subsequently identified with out difficulty by DRM double-search experiments [5 b] .Observation of these spectra by SEM spectrosco py was prevented by the lack of sensitivity. The 3/6-di-and 4/5-di-forms were studied next, and this completed the establishment of a first set of isotopic data for the determination of the molecular geometry.
Examination by DRM techniques of the ~ 50% enriched 4,5-d2-species yielded not only the three different 13C-forms of this species, but also the spec trum of the 3,4,5-d3-form. In conjunction with the 4/5-dj-species (above) there resulted therefore a sec ond set of isotopic data from which the structure could be calculated, but now with the 4,5-d2-form as the parent molecule.
b) Derivation of Rotational Parameters
The observed spectra of ODFB and its isotopic forms were fitted [9] to the Hamiltonian H = A Pa2 + B Pb2 + C Pc2 + (1/4) (taaaa Pa + t bbbb Pb + taabb P2 Pb
which has proven adequate in a number of previous studies of planar molecules [10] . Of course, it could not be expected that all seven molecular parameters in (1) would be determinable in the case of rare isoto pic forms with only ~ 30 measured transitions (see Table 2 , row 4). This made it desirable to establish a reasonable set of distortion constants i prior to the final fit of such spectra.
b-1) Distortion Treatment
The determination of distortion constants was based on the observed spectra of the normal, the 4/5-dr and the 4,5-d2-form, for which over 90 transi tions have been measured in each case. The approach taken is best followed with the help of Table 1 . To begin with, each of the three spectra was fitted to four distortion constants. The results (rows 1-3) show good consistency between the three species, and accu racies of 15-30% (3 < 7 errors) are indicated for all but the constant raabb, which is seen to carry an error of 100%-200%. Obviously, that constant cannot be de termined reliably from the transitions available, and we therefore adopted the average value of xaabb = 0.274 kHz as a fixed value in the subsequent refit of the spectra to six variable parameters. As a Table 1 . Determination of centrifugal distortion constants in 1,2-difluorobenzene (ODFB).
Species
Quartic distortion constants (in kHz) T. bbbb aabb consequence of this, the results for xabab are now seen (rows 4-6) to coincide so closely that the adoption of the average value xabab = -0.473 kHz for all three spe cies appears justified. Refitting of the spectra with both zaabb and xabab fixed produces an analogous result for the constant xaaaa (rows 7-9), which in the final fits of the three species was also held constant at Taaaa = -2.812 kHz. The standard deviations of the fits were not influenced by the described fixing of the distortion constants.
The approach contains, of course, an element of uncertainty which arises from the adoption of the average Taabfc-value in the first step. We have therefore repeated the calculations with larger and smaller val ues of this constant. This showed that variations of + 0.05 kHz in the adopted xaabb entail changes by ±0.04 kHz in xaaaa, of ± 0.01 kHz in the three Tbfcbb-values, and of less than ± 0.02 kHz in xabab.
b-2) Rotational Constants
On the basis of the described results, the spectra of 3/6-di-ODFB and of the 13C-species associated with the normal molecule were fitted with the distortion constants of row 10 of Table 1 , while the spectra of the 3,4,5-d3-species and of the 13C-forms associated with the 4,5-d2-species were fitted with the constants of row 12. Variations of the deduced rotational constants as a consequence of the described determination of the distortion constants are negligible and well inside the 3 a-limits quoted.
The rotational constants of the eleven species stud ied are collected in Table 2 . The publication of the 534 measured transition frequencies does not appear justi fied to us. Instead we include at the top of Table 2 They may also be obtained from the author.
IV. Structure Calculations
The procedure for the determination of molecular structures from observed changes A in the moments of inertia under isotopic substitution was formulated by Kraitchman [1] , It is limited by the assumptions that the molecular structure is rigid (vibrationless) and un changed by the isotopic substitutions. Following the trend of times, the Kraitchman procedure, which is simple enough for hand-calculation, has been super ceded during the past 15 years by the emergence of computer schemes which either perform this very sim ple calculation or match molecular structures to the observed moments of isotopic forms by least squares methods. One of the earliest programs of the latter type, GEOM, was developed by the research group at the ETH Zürich [11] , The most recent programs in this family, RU 110 and RU 238, are due to H. D. Rudolph [12] of the University of Ulm.
In the following two subsections we present the structure of ODFB which emerges from the experi mental data of Table 2 by use of the simple Kraitch man formalism (IV-a) and by use of the computer program GEOM (IV-b).
a) Kraitchman Calculations
The determination of coordinates of substituted atoms with Kraitchman's equations for planar mole cules was carried out in the same style as in previous structure studies on planar ring compounds [10] . That is, the a-and ^-coordinates of substituted atoms were calculated not only from AIa and AIb, as is possible in planar molecules, but also from the combination of AIa with All = AIC -AIa from the combination of AI*a = AIC -AIb with AIb. Clearly, if the inertia defect, I.D., of an isotopic form is the same as in the parent molecule (as Kraitchman assumes), the three sets of coordinate values obtained by this process are identi cal. For A (I.D.) ^ 0, as is usually the case due to changes in zero-point vibration under substitution, the three pairs of coordinate values will differ. The numbers given in rows 1 -6 of Table 3 are the averages obtained by the described method of calculation, and the quantities in square brackets behind the coordi nates reflect the incompatibility of individual values with the quoted average. In our experience, these 'incompatibilities' are usually larger than the uncer tainties associated with the limited accuracy of rota tional constants, and they reach particularly large magnitudes when a coordinate is determined from an isotopic form which has an I.D. noticeably different from that of the parent species (e.g. the a-coordinate in row 4 of Table 3 ). While we would not wish this approach to be mis-interpreted as a means for sur mounting the inherent limitation of the Kraitchman formalism (neglect of vibrations), we consider it to have the merit of bringing this limitation to the sur face, rather than ignoring or concealing it.
Rows 5 a and 5 b of Table 3 reflect the fact that the substitution coordinates of H (4/5) can be determined from the inertial differences between either the 4/5-dr species and the parent form (row 5 a) or the 4,5-d2-species and the parent form. The a-coordinates of the unsubstitutable fluorine atoms (row 6)) were determined from the first moment condition. Calcula tion of the bp-coordinates from this condition is pre vented by the C2v symmetry of ODFB, and the ob served moment of inertia, /°bs-, had to be utilized instead. However, since substitution structures gener ally under-produce the effective moments by a few tenths of a percent, a corresponding amount, ÖIa (row 9), was first extracted from the observed moment. This amount was estimated to be 0.05 -0.10% larger than the corresponding deficiency ÖIb (row 12), which could be worked out from the known a-coordinates. From the resulting moment, (row 8), the contri butions from C-and H-atoms were then extracted to yield 2 raF bp which, in turn, gave the ^-coordinates of row 6. The large uncertainty in bF comprises an esti mated uncertainty of 0.05% in 51 a and the accumu lated contributions from carbon-and hydrogenatoms.
The abundance of isotopic data, -which is an al most natural consequence of the use of DRM tech niques in the spectroscopic analysis -, allowed analo gous calculations to be carried out with the 4,5-d2-species as the parent molecule. The results of this calculation are given in column II of Table 3 .
In column III of this table, the a-coordinates of atoms in the normal reference frame are compared with those in the 4,5-d2 frame. Ideally, their differ- 119.16 [7] 121.18 [2] 118.57 [4] 120.25 [2] 119.58 [10] 119.54 [3] 119.17 [4] ences, an-a\ should be the same for all atoms and equal to the shift of the centre of gravity when the hydrogens H (4,5) are replaced by deuterium. Inspec tion shows that all but one value (which arises from the poorly determined a-coordinates of H (3/6), (row 4) agree to better than ± 0.001 Ä with this expec tation. The average shift, which is obtained from the experimentally determined a-coordinates of atoms, agrees very well indeed with the value expected from the position of the two substituted hydrogen atoms H (4/5).
Column IV of Table 3 , finally, gives the coordinate set which results from the combination of the data in columns I and II. The ^-coordinates of this set are straight averages between I and II, and the a-coordinates were obtained by transformation of those of column II and subsequent averaging with their coun terparts in column I. The square brackets in this com- bined data set reflect the compatibility limits of set I and II with the combined set IV. Rows 13-25 of Table 3 give bond lengths and an gles deduced from the coordinates in each case. The resulting structure of ODFB is shown in Figure 1. 
b) Structure Calculation with the Computer Program GEOM
The GEOM program is designed to adjust an initial set of structure parameters (bond lengths and angles) iteratively to give an optimal fit to the observed changes in the moments of inertia under isotopic sub stitution. Atomic coordinates are then deduced for the optimized structure. As in Kraitchman's original work [1] , the molecular structure is assumed to be rigid and unchanged by isotopic substitutions. The computational approach of fitting lengths and angles is the reverse of the Kraitchman scheme, in which atomic coordinates are the prime information from which lengths and angles are deduced by trivial arith metic. This aspect is reflected in the arrangement of results in Table 4 .
The GEOM fits were carried out in analogy to the calculations in Sect. IV-a, and the results of the Kraitchman calculations were used as input data in the separate fits of the normal species, the 4,5-d2-species and of the combined isotopic data. The computer results are presented in Table 4 . The last column of this table (headed: A) gives the differences between the results obtained by GEOM and their counterparts in Table 3 (A = rGEOM -rKraitchman). In spection of this column shows that all bond lengths agree to better than 0.0003 Ä and angles coincide to within 0.03° with the Kraitchman results. This per haps surprisingly close coincidence between the two methods of structure calculation finds its explanation in the fact that GEOM fits AIa, AIb and AIC simulta neously, which is of course equivalent to our approach in Sect. IV-a, where we have derived average coordi nate values from all three changes AIa b c (see above). Moreover, since ODFB does not have any atoms on its C2v symmetry axis nor particularly close to the b-axis, and since AI > 0 for all substitutions, close coincidence between GEOM and Kraitchman results is to be expected.
V. Discussion 154 a) Experimental Technique
The abundance of isotopic data (Table 2 ) demon strates once more the power of the DRM technique for the detection and the analysis of isotopic species spectra. The presence of low-lying vibration states in ODFB, -and of course in all other molecules of com parable size -, required of course some care in the identification of the spectra of isotopic forms. In our experience this problem is best solved by the complete rotational assignment of all detectable spectra of a molecule and subsequent distinction between isotopic species spectra and vibrational satellite spectra on ac count of relative intensities, inertial defects and, of course, model calculations of the isotopic spectra. While this simple approach may appear a rather 'tall order' if it were to be tackled by SEM spectroscopy, the molecular selectivity of the DRM technique allows this task to be completed quite quickly. The simulta neous sensitivity of the technique ensures considerable economy in structure studies by making the chemical preparation of expensive isotopic forms (13C-species in the present case) superfluous. We have first pointed out, and experimentally demonstrated these aspects of DRM spectroscopy more than a decade ago [10 a] and they should not need re-emphasis.
b) Structure Calculation
The results presented in section IV indicate a very high degree of consistency between the structure pa rameters obtained in the 4,5-d2 reference frame of ODFB and their counterparts in the axis system of the normal form, irrespective of the method by which these results are derived (GEOM or Kraitchman). This supports the basic assumption that structure pa rameters are not changed significantly by isotopic substitutions. -The individual values for the shift of the centre of gravity under deuteration (column III of Table 3 and 4), which are probably the most objective indicators for the reliability of coordinate values, sug gest an accuracy in the range of 0.001 Ä and the same degree of precision is indicated for all bond lengths. Bond angles appear trustworthy to 0.05°. This gratify ing consistency within the doubly determined struc ture of ODFB is, however, to some extent due to the fact that no ambiguities occur in the structure calcula tion and, in the light of the results of the subsequent determination of the structure of MDFB, it seems advisable to double the uncertainties to 0.002 Ä and 0.1°.
c) Comparison with Related Compounds
This will be deferred to the end of the subsequent paper on MDFB.
